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The structures and stability of sodiated species of 8-Beta, a linear lipopeptide analog
(b-aminotetradecanoyl-NYNQPNS) of the antifungal peptide iturin A2, were evaluated by
electrospray ionization mass spectrometry (ESI-MS). Association of the lipopeptide, 8-Beta,
with sodium afforded protection from fragmentation at high cone voltages and increasing
collision energy conditions in the ESI-MS. The order of decreasing stability was found as
8-Beta z 1Na . 8-Beta z 2Na . 8-Beta z 3Na . 8-Beta. Substantial differences were found
between fragmentation patterns of the free and sodiated molecular species. Breakage of the
N-terminal peptide bond of L-Pro generated the major product ions of the free 8-Beta parent
ion. Impaired fragmentation of the sodium adducts of 8-Beta, indicated that this bond is
protected by sodium complexation. Fragmentation patterns of the sodiated lipopeptide further
revealed two specific binding sites for a nonsolvated sodium ion within the two type II b-turn
sequences (b-aminotetradecanoyl-NYN and QPNS) of the natural iturin A2. It is proposed that
specific interaction with sodium takes place with most of the peptide bond oxygens in these
turns, and with the Gln sidechain. This interaction leads to stabilized structures in which the
peptide backbone, specifically the peptide bonds in which L-Pro participates, is protected
against low-energy fragmentation during ESI-MS. (J Am Soc Mass Spectrom 2001, 12,
505–516) © 2001 American Society for Mass Spectrometry
Biologically essential and specific noncovalent in-teractions between metal ions and biomoleculesmainly occur in aqueous solutions containing
high concentrations of electrolytes. The osmotic pres-
sure of cells, for example, depends on maintaining the
intra- and extracellular concentration of the alkali metal
ions, Na1 and K1, in the millimolar range. These alkali
metal ions are of particular importance in the mecha-
nism of action of some membrane-active antimicrobial
peptides. One such peptide, the antifungal iturin A [1,
2], a cyclic lipopeptide with two type II b turns [3] in its
structure, shows affinity for alkali metal cations [4] such
as Na1 and K1, but precipitates in the presence of
alkaline-earth metal cations [5] such as Mg21 and Ca21.
Iturin A causes a slow increase in membrane conduc-
tance—an action independent of the membrane poten-
tial [2]. This is the result of the formation of anion
selective pores [6–9] by the neutral iturin A and related
iturin lipopeptides, but their precise composition and
structure has not been elucidated. It has been suggested
that the specific interaction between iturin A and alkali
metal ions lead to anion selective pores [2]. In a previ-
ous study, using electrospray mass spectrometry (ESI-
MS), we observed that iturin A2 and some of its analogs
had a pronounced tendency to bind to alkali metal ions
[10]. This association was found to be dependent on the
primary structure of the analog. It was also observed
that association with sodium conferred protection
against fragmentation reactions in the electrospray
mass spectrometer. Is it then possible that specific
interaction takes place between alkali metal ions and
this antimicrobial peptide? A well-known example of
such specific interaction is that of the antibiotic, valino-
mycin, with alkali metal ions [11–14]. This cyclic dode-
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capeptide, also containing type II b turns [13, 14],
preferentially complexes with potassium and transports
it over the cell membrane to exert its lytic action [12]. A
single dehydrated ion is coordinated ion by six carbonyl
oxygens in the interior of the cyclic peptide [12–14],
resembling the type of complexation found between
crown ethers and alkali metal ions [15]. Gramicidin A, a
linear helical peptide, exerts its antimicrobial action by
transporting Na1 and K1, over target cell membranes
by the formation of ion channels [16]. From solid-state
C13 NMR and molecular dynamics [17, 18] it has been
suggested that the monovalent cation interacts with
carbonyl oxygens in the gramicidin A channel and is
dehydrated stepwise during transport [19]. The se-
quence specific secondary conformations in these anti-
microbial peptides, such as helices and the different
types of b turns, places electron rich areas such as the
carbonyl oxygens of different amide (peptide) bonds in
close proximity.
Mass spectrometry techniques using fast atom bom-
bardment (FAB) [20], matrix-assisted laser desorption/
ionization (MALDI) [21], and electrospray ionization
(ESI) [22–24] made it possible to assess the interaction
between peptides and metal ions. The disassembling or
fragmentation of the peptide complexes into discernible
units (fragments) facilitates assessment of conforma-
tion, sequence, and peptide–ion interactions. Fragmen-
tation of peptides during mass spectrometry generally
occurs at the peptide bonds, but also depends on
peptide sequence, which in turn determines the proto-
nation sites [25–39], and cationization by metal ions
[40–58]. Bonds in the vicinity of a protonated amino
acid or a basic site are very labile and likely to be
broken, but protonation or cationization by a metal ion
and subsequent cleavage close to an already proton-
ated/cationized site will be unlikely because of cou-
lomb repulsion and long range interactions [25–28]. The
peptide fragmentation pattern consequently changes
dramatically if cationization of a peptide by metal ions,
such as the alkali metal cations, occurs [40–57]. The
differences in fragmentation patterns reveal the nature
of the interaction of the metal ion with the peptide on
the molecular and even atomic level.
From mass spectrometry and other studies, a num-
ber of different postulates about the particular interac-
tion between peptides and alkali metal ions on the
atomic level has been put forward. All is, however, in
general agreement that interaction takes place with
basic/nucleophilic atoms such as the amide nitrogen in
the peptide bond and other amide bonds [40, 41, 53, 54],
the peptide bond oxygen (amide or carbonyl oxygen)
and other carbonyl oxygens [42, 44, 47–50, 52, 55, 58],
oxygens in deprotonated carboxyl group [43, 44, 47,
53–55], the nitrogen in primary amino groups [42,
53–55], and with nucleophilic atoms in basic side chains
[41, 51]. Consequently it is clear that many different
types of gas-phase interactions between a peptide and
an alkali metal ion are possible; some interactions are
due to “nonspecific” ionic interaction, whereas others
depend on peptide length, specific amino acids, a
specific sequence or a particular conformation.
Because of the “soft” ionization process, electrospray
mass spectrometry is a useful tool to probe gas-phase
peptide–ion complexation, because it allows the obser-
vation of some weak noncovalent interactions that
depend on native conformation in the aqueous environ-
ment [59, 60]. We report here the utilization of electro-
spray ionization mass spectrometry (ESI-MS) to probe
the atomic level peptide–ion interactions and specific
stabilization of a linear analog of cyclic lipopeptide
iturin A2 by sodium. Iturin A2’s structure includes a
type II b-type turn in each of its tetrapeptide moieties:
b-D-aminotetradecanoyl-L-Asn2-D-Tyr3-D-Asn4 (b-
NC14NYN) and L-Gln5-L-Pro6-D-Asn7-L-Ser8 (QPNS)
[3]. The linear iturin A2 (called 8-Beta) in this study,
with the b-aminotetradecanoic acid (b-NC14) as N-
terminal residue and L-Ser8 as C-terminal residue, in-
cludes both the intact b-turn sequences.
Materials
HPLC grade trifluoroacetic acid (TFA, 99.5%) and NaCl
(99.9%) were from Merck (Darmstadt, Germany). Ace-
tonitrile (HPLC-grade, UV cutoff 190 nm) and methanol
(HPLC-grade, UV cutoff 205 nm) were from Romil LTD
(Cambridge, UK). Analytical quality water was pre-
pared by filtering glass distilled water through a Milli-
pore Milli Q water purification system. The linear iturin
A2 analog (8-Beta) was synthesised with the Fmoc-
polyamide peptide synthesis protocol, HPLC purified,
and analyzed by the BIOPEP Peptide Synthesis Labo-
ratory, Department of Biochemistry, University of Stel-
lenbosch.
Experimental Procedures
Sample Preparation
Lyophilized HPLC purified 8-Beta was dissolved in a
mixture of 50% acetonitrile in analytical quality water to
a concentration of 5.0 mg/mL. This stock solution was
diluted to 0.2 mg/mL (60.2 mmol/mL) with 50% ace-
tonitrile modified with 0.05% TFA in water. To investi-
gate the structures of the cationized 8-Beta species and
the effect of cationization with sodium on its stability,
0.2 mg/mL peptide in 50% acetonitrile/water, modified
with 0.05% TFA and 10 mM of NaCl, was used.
ESI-MS
Mass spectrometry was performed using a Micromass
triple quadrupole mass spectrometer fitted with an
electrospray ionization source. The carrier solvent was
50% acetonitrile in water delivered at a flow rate of 20
mL/min during each analysis using a Pharmacia LKB
2249 gradient pump. Ten mL of the sample solution (2
nmol peptide) was introduced into the ESI-MS using a
Rheodyne injector valve. A capillary voltage of 3.5 kV
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was applied throughout and the source temperature
was set at 80 °C. The skimmer lens offset was 5 V and
the cone voltage was set at 70 V, except during the
investigation of cone voltage influence when it was
changed in increments from 20 to 150 V. Triplicate
analyses were done at each cone voltage value, using 10
mL sample per analysis. Data acquisition was in the
positive mode, scanning the first analyzer (MS1),
through m/z 5 300 to 1300 or 1500 at a scan rate of 100
atomic mass units/s. Representative scans were pro-
duced by combining the scans across the elution peak
and subtracting the background. Signal intensity of
each of the ions under investigation was determined by
integrating the ion specific chromatographic peaks de-
tected during analysis.
CID Experiments
The stability of each of the molecular species of 8-Beta
was determined using collision-induced dissociation
(CID) with multiple reaction monitoring (MRM; static
selection of a specific ion in MS1 and static monitoring
of product ions in MS2). These experiments were con-
ducted using the same ionization parameters as before,
except that the solvent flow was increased to 50 mL/min
and argon was introduced into the collision cell at
(2.5 6 0.3) 3 1023 mbar. Collision energy settings rang-
ing from 10 to 100 eV were used, with an injection of 2
nmol peptide at each value. The resulting chromato-
graphic peaks were integrated to obtain the intensity of
the measured ion at the set collision energy.
To determine the influence of cationization on 8-Beta
fragmentation patterns, each of the molecular species
was selected in MS1 and subjected to identical CID
conditions to obtain product ion scans. The same ion-
ization parameters as before were used, but with con-
tinuous infusion at 5 mL/min using a Harvard Appa-
ratus syringe pump. The argon pressure in the collision
cell was as for the MRM experiments, and the collision
energy was set at 30 eV. Data was acquired in contin-
uum mode scanning MS2 from m/z 5 100 to 1200 at 100
atomic mass units/s for precisely 6 min. Verification of
the fragment identity was afforded by multiple injec-
tions of 10 mL sample or continuous flow injection at 5
mL/min and subjecting the peptide to cone voltage
decomposition between 90 and 110 V. The selected
fragment ion was further fragmented by CID in MS2
(“MS3”). Data was acquired in the MCA mode (multiple
cumulative acquisition) through an m/z range of 10 to 50
above the mass of the selected ion.
Results
Stability of 8-Beta and Its Sodiated Species Under
Different ESI-MS Conditions
Cone voltage stability. The stable nature and ease of
detection of 8-Beta and its cationized species allowed
the use of ESI-MS to study the specific interactions of
8-Beta and alkali metals (Figure 1). As expected in
ESI-MS analyses, the doubly charged species were
detected at the lower cone voltages, albeit at very low
signal intensities, whereas the singly charged species
were detected at the higher cone voltages (voltage
difference between sampling cone and skimmer cone).
A bell-shaped relationship was found between signal
intensity of all of the molecular species of the lipopep-
tide and cone voltage over the 20 to 150 V range (Figure
2). Specifically, a gaussian relationship was found for all
but the monosodiated specie. The weaker signal at
lower cone voltages was probably because a smaller
number of peptide ions reach the detector, despite the
fact that less fragmentation reactions may be occurring.
The large decrease in signal intensity at cone voltages
higher than the “optimum cone voltage” was the result
of increased peptide ion fragmentation.
The highest signal for free 8-Beta ([M 1 H]1) was
found at 66 6 1 V, with the peptide fragmenting exten-
sively at higher cone voltages causing a rapid decrease
of its signal (Figure 2A). The molecular specie(s) con-
taining one sodium ([M 1 Na]1) was detected at max-
imum intensity over a broad cone voltage range be-
tween 70 and 100 V (Figure 2B). This may be explained
by the existence of two or more different peptide–
sodium complexes, differing in their detection and
stability. The maximum signal intensity of [M 1 2Na 2
H]1 at 103 6 1 V, was in the order of 1.7 times higher
than the intensity of [M 1 H]1 at 70 V, and [M 1 Na]1
at both 70 and 100 V (Figure 2A–C). Complexes to three
sodium ions were also observed at 10 to 17 times lower
signal intensities than that of the other sodiated species.
The signal for [M 1 3Na 2 H]21 was detected with
maximum intensity at 67 6 1 V and at a comparable
intensity to the [M 1 3Na 2 2H]1 signal with its max-
imum at 101 6 1 V (Figure 2D). The peptide backbone
in the sodiated species was therefore protected from
cone voltage dissociation. The specific stabilization and
protection of the peptide backbone by sodium were
studied in detail and will be discussed later.
Figure 1. An ESMS spectrum of 8-Beta and its sodium adducts
obtained at 70 V CV using 50% acetonitrile as carrier solvent. The
sample consisted of 0.2 mg/mL peptide and 10 mM NaCl dis-
solved in 50% acetonitrile containing 0.05% trifluoroacetic acid.
507J Am Soc Mass Spectrom 2001, 12, 505–516 PEPTIDE STABILIZATION BY NA1 DURING ESI-MS-MS
CID stability. The effect of increasing collision energy
on the stability of 8-Beta and sodium-cationized species
was investigated in CID experiments. The order of
stability was found to be 8-Beta z 1Na . 8-Beta z 2Na .
8-Beta z 3Na . 8-Beta (Figure 3). Under the specific
experimental conditions used to obtain data in Figure 3,
the collision energy needed to reduce the intensity of
the signal by 50% (defined as E1⁄2 [61–63]) increased to
17 6 2 to 33 6 2 eV when one sodium was associated
with the lipopeptide. The E1⁄2 collision energy require-
ment decreased from 30 6 1 eV for the disodiated
specie and 25 6 2 eV for the trisodiated specie. These
results corroborated the cone voltage stability data
(refer to Figure 2), which indicated that significant
fragmentation of free peptide occurred at cone voltages
higher than 70 V, whereas significant fragmentation of
the sodiated species took place at cone voltages higher
than 100 V. Results from both CID and cone voltage
decomposition of 8-Beta and its cationized species in-
dicated that protection against fragmentation was af-
forded by complexation of sodium to the lipopeptide.
The subsequent study was focused on the sequence
specific protection induced by the association of 8-Beta
with sodium.
Sequence Specific Stability of 8-Beta and Its
Sodiated Species Under CID Conditions
Fragmentation of each of the sodium cationized molec-
ular species was greatly impaired under identical CID
conditions used for the free peptide (Tables 1–3), con-
firming the results obtained in the cone voltage and
collision energy stability experiments (Figures 2 and 3).
In our study it was also found that the fragmentation
patterns were markedly different from that of the free
Figure 2. Correlation between cone voltage and the signal inten-
sity of 8-Beta molecular species. The values were calculated from
data obtained in triplicate analyses and SEM is shown for each
value. The solid lines shows a gaussian correlation and the dotted
lines a cubic spline curve fitted to the data (a) [M 1 H]1 (r2 5
0.993, mean 6 SEM 5 66 6 1 V) and [M 1 2H]21; (b) [M 1
Na]1 and [M 1 Na 1 H]21; (c) [M 1 2Na 2 H]1 (r2 5 0.996,
mean 6 SEM 5 103 6 1 V) and [M 1 2Na]21; (d) [M 1 3Na 2
2H]1 (r2 5 0.995, mean 6 SEM 5 101 6 1 V) and [M 1 3Na 2
H]21 (r2 5 0.991, mean 6 SEM 5 67 6 1 V). (Cone voltage 5
setting of instrument 6 2 V; data are only shown to 90 V due to
the interference of a peptide fragment with the same m/z at the
higher cone voltages).
Figure 3. Correlation between signal intensity of the four differ-
ent singly charged 8-Beta molecular species and collision energy at
cone voltage of 70 V. The values were normalized using the signal
obtained at 10 eV as 100% and each data set were fitted to a
Boltzmann sigmoid curve (average r2 5 0.995). The arrows indi-
cate the collision energy at which the signal intensity of each of the
species decreased by 50% (E1⁄2). Data were collected using MRM
with both MS1 and MS2 static at the m/z of the parent ion. Results
of one of four similar experiments are shown.
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peptide and that the sodium is retained in most of the
product ions (Tables 2 and 3 and Figure 4) [40–58]. In
general, CID produced mostly smaller product ions and
internal fragments from the peptide molecular ion,
whereas larger product ions and a minor fraction of
internal fragments were produced from the sodiated
parent ions. The nomenclature of Roepstorff and Fohl-
mann [64], as revised by Biemann [65], was used in the
product ion assignment.
Close inspection of product ions generated by CID
Table 1. Summary of the observed product ions generated by CID of the free peptide specie of 8-Beta. All ions were singly charged,
except if stated otherwise. Only product ions detected at signal intensities equal to or above 45,000 were taken into account
m/z
observed Intensity
Relative
intensity
(%)
Proposed
fragment type
m/z
calculated Sequence
1061.3 727,488 100.0 M 1 H 1062.2 b-NC14NYNQPNS
744.4 52,712 7.2 b5 744.9 b-NC14NYNQ
728.1 59,016 8.1 b5 2 17 727.9 b-NC14NYNQ
711.5 47,224 6.5 b5 2 2 3 17 710.9 b-NC14NYNQ
634.5 54,584 7.5 b4 1 OH 633.8 b-NC14NYN
561.8 61,788 8.5 b5 2 184
# 561.9 *NYNQ
544.2 56,504 7.8 b5 1 OH 2 184 543.6 *NYNQ
503.3 56,628 7.8 b3 502.7 b-NC14NY
450.8 62,092 8.5 b4 1 OH 2 184 450.8 *NYN
433.4 83,136 11.4 b4 2 184
# 433.8 *NYN
426.4 70,372 9.7 b7y5 2 CO 426.5 NQPN
416.4 81,472 11.2 b4 2 17 2 184
# 416.8 *NYN
405.0 45,424 6.2 a4 2 184 405.8 *NYN
371.2 45,708 6.3 w4a 371.4 QPNS
323.3 55,256 7.6 b7y4 2 NH3
# 323.3 QPN
320.2 75,228 10.3 b3 2 184
# 319.7 *NY
317.5 245,472 33.7 y03 317.3 PNS
278.5 81,868 11.3 b4y6/b3y7 278.3 YN/NY
249.8 57,768 7.9 b4y6/b3y7 2 CO 250.3 YN/NY
220.6 55,164 7.6 y02 220.2 NS
212.3 80,636 11.1 b7y3 212.2 PN
184.6 192,752 26.5 b7y3 2 CO/184 1 H 184.2 PN/184
136.5 93,876 12.9 i3 136.2 Y
101.4 50,948 7.0 i5 101.1 Q
Notes: C-terminal product ions are indicated in italics.
Loss of mass unit of 17 correlates to OH or NH3.
Loss of mass unit of 184 correlates to C12H26N from b-NC14.
*Indicates that H2C¢C
1O bound to N-terminal side of L-Asn2.
#Assignment confirmed by further fragmentation of product ions.
Table 2. Summary of the observed product ions generated by CID of the monosodiated specie(s) of 8-Beta. All ions were singly
charged, except if stated otherwise. Only product ions detected at signal intensities equal to or above 40,000 were taken into account
m/z
observed Intensity
Relative
intensity (%)
Proposed
fragment type
m/z
calculated Sequence
1084.1 2,853,376 100.0 M 1 Na 1084.2 b-NC14NYNQPNS
1065.8 185,056 6.49 M 1 Na 2 H 2 H2O 1065.2 b-NC14NYNQPNS
1022.7 43,200 1.51 M 1 Na 2 17 2 CONH2 1023.2 b-NC14NYNQPNS
996.7 97,188 3.41 b7 1 OH 1 Na 2 H
# 996.1 b-NC14NYNQPN
978.5 63,724 2.23 b7 1 Na 2 H 979.1 b-NC14NYNQPN
935.1 ,40,000 ,1.4 a7 1 Na 2 NH2 935.1 b-NC14NYNQPN
898.8 41,684 1.46 M 1 Na 2 H 2 184 899.2 *NYNQPNS
880.8 40,516 1.42 b6 1 OH 1 Na 2 H
# 881.0 b-NC14NYNQP
739.6 50,740 1.78 a5 1 Na 2 H
# 739.9 b-NC14NYNQ
656.4 ,40,000 ,1.4 b4 1 OH 1 Na 2 H
# 656.8 b-NC14NYN
639.0 52,448 1.84 b4 1 Na 2 H
# 639.8 b-NC14NYN
580.5 ,40,000 ,1.4 y05 1 Na
# 580.5 NQPNS
187.8 41,908 1.47 z92 2 17 187.1 NS
Notes: C-terminal product ions are indicated in italics.
Loss of mass unit of 17 correlates to OH or NH3.
Loss of mass unit of 184 correlates to C12H26N from b-NC14.
*Indicates that H2C¢C
1O bound to N-terminal side of L-Asn2.
#Assignment confirmed by further fragmentation of product ions.
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from the sodiated parent ions revealed the specific
interaction between 8-Beta and sodium. The major
product ions from sodium cationized molecular species
were N-terminal an2m, bn2m, and bn2m 1 OH ions
(n 5 7, m 5 0 . . . 6). Refer to Tables 2 and 3 and
Figure 4 for the detailed product ion assignment. The
pattern of predominantly N-terminal product ions
(bn2m and an2m) from sodium adducts was also found
by a number of other investigators [40–58]. Assignment
of bn2m 1 OH, rather than cn2m, to some of the ob-
Table 3. Summary of the observed product ions generated by CID of the disodiated specie(s) of 8-Beta. All ions were singly
charged, except if stated otherwise. Only product ions detected at signal intensities equal to or above 40,000 were taken into account
m/z
observed Intensity
Relative
intensity (%)
Proposed
fragment type
m/z
calculated Sequence
1105.4 2,270,464 100.0 M 1 2Na 2 H 1106.2 b-NC14NYNQPNS
1088.1 58,940 2.60 M 1 2Na 2 H 2 H2O 1088.2 b-NC14NYNQPNS
1075.4 397,632 17.51 m8 1 2Na 2 2H 1075.2 b-NC14NYNQPNS
1017.8 60,808 2.68 b7 1 OH 1 2Na 2 2H
# 1018.1 b-NC14NYNQPN
949.8 ,40,000 ,1.80 a7 1 Na 2 H
# 950.2 b-NC14NYNQPN
881.7 81,256 3.58 b6 1 OH 1 Na 2 H
# 881.0 b-NC14NYNQP
769.6 ,40,000 ,1.80 x6 1 Na 2 H
# 770.7 YNQPNS
739.1 46,580 2.05 a5 1 Na 2 H
# 738.9 b-NC14NYNQ
735.7 40,820 1.80 x6 1 Na 2 H 2 2x17
# 735.7 YNQPNS
563.9 ,40,000 ,1.80 y 05 1 Na 2 H 2 17
# 563.5 NQPNS
555.4 68,656 3.02 [M 1 2Na 1 2H]21# 554.6 b-NC14NYNQPNS
458.3 44,000 1.94 a3 2 17 458.6 b-NC14NY
384.1 179,008 7.88 [b5 1 Na]
21# 384.5 b-NC14NYNQ
362.3 40,636 1.79 b7y4 1 Na
# 362.4 QPN
322.4 74,964 3.30 b7y4 2 NH2
# 322.3 QPN
313.3 55,312 2.44 a2 312.5 b-NC14N
Notes: C-terminal product ions are indicated in italics.
Loss of mass unit of 17 correlates to OH or NH3.
#Assignment confirmed by further fragmentation of product ions.
Figure 4. CID fragmentation of the different sodiated species of 8-Beta at 30 eV, (a) [M 1 Na]1 and
(b) [M 1 2Na 2 H]1. The asterisks indicate that sodium is bound to the fragment. Secondary
fragmentation such as the loss of an OH or NH3 is not shown.
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served ions was favored due to convincing evidence in
literature describing the formation of this type of ion as
a result of alkali metal cationization [42–49]. Westmore
and co-workers [42] suggested a mechanism that ex-
plained how alkali metal cationization leads to hy-
droxyl transfer from the C-terminal carboxyl to form
bn2m 1 OH 1 Na product ions (Scheme 1) and not
c-type ions as previously reported [40, 41]. The group of
Adams [48, 49] validated this mechanism from CID
fragment patterns of the complexes of various peptides
with alkali metal ions. Some an2m 1 Na 2 H product
ions in the CID spectra of the cationized lipopeptide, as
well as in the spectra from the bn2m 1 OH 1 Na pre-
cursor ions, were also observed. Adams and co-workers
[48] proposed that the formation of an2m 1 Na 2 H
product ions are from precursors with the alkali metal
ion complexed towards the N-terminal of the peptide
and that the C-terminal carboxylate is not involved in
an ionic bond with the ion.
A neutral loss of one mass unit from parent ions was
also observed in spectra generated by CID. This could
be explained by either a neutral loss of a proton or the
inherent low resolution of electrospray ionization mass
spectrometry at low signal intensity (imprecise centroid
determination because of poor counting statistics). For
these reasons we also relied on secondary product ion
fragmentation (“MS3”) and previous interpretations in
literature to assist us in product ion assignment.
CID of 8-Beta. Fragmentation of free 8-Beta (m/z calcd,
1062.2, found in MS2, 1061.3) occurred at all the peptide
bonds, producing most of the expected b- and y-type
product ions and internal fragments (Table 1). Product
ions related to b5 (m/z 744.4; 728.1, 711.5, 561.8, 544.2)
and y03 (m/z 317.5), from L-Gln5-L-Pro6 bond cleavages,
were the major fragments of 8-Beta. The more basic
nature (higher proton affinity) of the tertiary amide
nitrogen of Pro in its N-terminal peptide bond makes
highly susceptible towards low-energy fission [28, 30–
39]. A substantial number of b fragments were observed
with a mass loss of 184 that correlates to the loss of
C12H26N from b-NC14 (see Table 1 for assignments).
Electron impact mass spectrometry of b-NC14 con-
firmed that its major product ion has an m/z of 184.
Internal fragments (m/z 278.5, 249.8) corresponding to
D-Tyr3-D-Asn4 or L-Asn2-D-Tyr3, b3 product ions (m/z
503.3, 320.2) and the immonium ion of D-Tyr3 (m/z
136.5) were particularly abundant indicating the lability
of the bonds flanking D-Tyr3. The abundance of b4-
related product ions (m/z 634.5, 450.8, 433.4, 416.4) and
an a4-184 product ion (m/z 405.0) indicated the lability
of the D-Asn4-L-Gln5 peptide bond. A wa4 product ion
(m/z 371.2), formed as a result of the loss of the Gln
sidechain from y4 and the immonium ion of L-Gln5
indicated the lability of bonds in the neighborhood of
the L-Gln5 residue. The internal fragment, b7y3 (m/z
212.3), corresponding to L-Pro6-D-Asn7 indicated the
lability of the L-Gln5-L-Pro6 peptide bond, as well as
that of D-Asn7-L-Ser8. Two product ions (m/z 634.5,
450.8) were assigned as type b4 1 OH, according to a
number of investigators [42–49, 66, 67] and not cn-type
ions, although this is relatively uncommon for nonca-
tionized peptides but has be observed for certain se-
quences [29, 35].
CID of monosodiated 8-Beta. Fragmentation of monoso-
diated 8-Beta (m/z calcd. 1084.2, found 1084.1), under
the identical CID conditions used for free 8-Beta, pro-
duced mostly only very low abundance product ions
with relative intensity of 1%–2% of the parent ion (Table
2, Figure 4A). The three major product ions were a
dehydrated parent ion (m/z 1065.8) at relative intensity
of 6.5%, b7 1 OH 1 Na 2 H (m/z 996.7) at 3.4%, and
b7 1 Na 2 H (m/z 978.5) at 2.2%. The formation of b7 1
Na 2 H product ion (probably via 1,2 elimination [48]
of OH from b7 1 OH 1 Na) indicated that the binding
site of Na1 is to the N-terminal side of the cleavage site.
We also observed the a7 1 Na 2 H product ion, in
accordance with the evidence presented by the group of
Adams [48, 49], in CID spectra of the b7 1 OH 1 Na 2
H product ion. Further evidence of the association of
sodium towards the N-terminal is the observation of
b6 1 OH 1 Na 2 H (m/z 880.8) and a5 1 Na 2 H (m/z
739.6) and low abundance b4 1 OH 1 Na 2 H (m/z
656.9). The smallest fragments from the monosodiated
parent ion still associated with sodium were b4 (m/z
639.0) and low abundance y05 (m/z 580.5) product ions
corresponding to b-NC14NYN and NQPNS, respec-
tively (Table 2, Figure 4A). The presence of both the
sodiated N- and C-terminal product ions in CID spectra
may be explained by the presence of at least two
interaction sites for sodium in 8-Beta and at least two
Scheme 1
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types of singly cationized parent ions. The existence of
two such cationized species may also explain the broad
“cone voltage maxima” observed for monosodiated
8-Beta (Figure 2B).
The absence of Gln5 and Tyr3 immonium ions, and
the low abundance of ions containing parts of or the
NYN sequence such as b52m and related ions, indicates
an increased stability of bonds on the N-terminal side of
the peptide. The detection of the y03 product ion at very
low intensities, .1.5% of parent ion, is an indication
that the very labile L-Gln5-L-Pro6 peptide bond in
protected against fragmentation. Protection of the side
chain of L-Gln5 is indicated by the absence of the w4a
product ion (Tables 1 and 2). The b-type ions with mass
loss of 184 were absent in the spectra and is an indica-
tion that the labile bond of b-NC14, between its a and b
carbons is protected.
CID of multisodiated 8-Beta. Multisodiated peptide spe-
cies were more inclined to fragment than the monoso-
diated 8-Beta (refer to Figure 3). The CID of disodiated
parent ion (m/z calcd., 1106.2, found in MS2, 1105.4)
again produced sodiated bn2m 1 OH, and an2m type
product ions, a dehydrated parent ion (m/z 1088.1) and
a high abundance (17.5%) of m8 1 2Na 2 2H product
ion (m/z 1075.4, produced by the loss of the Ser
sidechain) (Table 3, Figure 4B). The smallest fragment,
still associated to two sodiums, was b7 1 OH 1 2Na 2
2H (m/z 1017.8) at 2.7% intensity. The corresponding
low-abundance a7 product ion (m/z 949.8), associated
with one sodium, is an indication that at least one
sodium is bound towards the N-terminal side of the
peptide. Some other N-terminal product ions observed
were identical to that found for monosodiated parent
ion, namely b6 1 OH 1 Na 2 2H (m/z 881.7) at 3.6%
and a5 1 Na 2 2H (m/z 739.1) at 2.1% intensity. No
product ions corresponding to b4 1 OH 1 Na were
detected, but a product ion with m/z 384.1 and 7.9%
intensity, not detected in the spectra of monosodiated
8-Beta, was assigned to [b5 1 Na]
21 after further frag-
mentation. The a5 1 Na product ion (m/z 739.1), possi-
bly derived from b5 1 Na, was also observed. The
detection of these product ions pointed to a minor
recovery of the Gln5-Pro6 peptide bond lability, which
could possibly be the result of a subtle conformational
change [55, 57]. However, detection of the sodiated
internal fragment, b3y7, indicated that this QPN se-
quence may indeed also be important in the sodium
interaction in the disodiated specie. Another one of the
major differences between the monosodiated and diso-
diated 8-Beta fragmentation patterns is the observation
of sodiated C-terminal product ions of the x6 type (m/z
769.6; 735.7). This assignment was further substantiated
by the observation of a2 (m/z 313.3), the complementary
N-terminal product ion. The smallest fragments bound
to one sodium, from detected CID spectra of the diso-
diated parent ion, were a5 1 Na 2 H (b-NC14NYNQ;
m/z 739.1) and y05 1 Na 2 H 2 17 (NQPNS; m/z 563.9)
(Table 3, Figure 4).
Apart from the observation of b5, x6, and a limited
number of low intensity smaller fragments, the same
fragments of disodiated 8-Beta as for the monosodiated
8-Beta were absent from the spectra or detected at very
low intensity (Tables 1–3). We, however, did not detect
any y03 product ion in any of the CID spectra of this
disodiated specie.
The fragmentation pattern of trisodiated peptide
specie changed with preincubation time (age of sample)
and because of this unpredictability and its very low
abundance we decided not to study this cationized
specie in detail. However, it is possible to predict from
the observation of low abundance sodiated x1-type
product ion (m/z 154.1) in some of the CID spectra that
a third binding site is probably due to ionic interaction
between the carboxylate group of L-Ser8 and sodium.
This could explain the low abundance of the trisodiated
molecular specie.
Discussion
It is clear from the CV and CID stability of the sodiated
8-Beta species (Figures 2 and 3) that sodium conferred
some protection against low-energy fragmentation re-
actions. The current hypothesis is that a protonated site
induces fragmentation reactions; the location of these
sites has therefore a considerable influence on the
fragmentation of the peptide [25–28, 33]. It is then
possible that the association of the sodium with basic
sites in the peptide might lead to protection of bonds in
its neighborhood. Westmore and co-workers [42] pro-
posed that the sodium attachment increases the double
bond character of the peptide bond thereby stabilizing
it, but conversely activates the carbonyl carbon making
it more electrophilic and a target for nucleophilic attack.
They in fact found in their own studies that sodium
attachment to the tripeptide, GGF, suppressed sequence
specific ion formation.
In our study it was shown with CID that the multi-
sodiated peptide species were indeed more stable than
free 8-Beta, but more prone to fragmentation than the
highly stable monosodiated 8-Beta (Figure 3). This
complicated the picture, indicating that binding of
additional sodiums, after the first, increased the lability
of some of the bonds in the peptide. This may be the
consequence of conformational changes in the peptide
structure exposing new basic sites [57] or as a direct
result of Na1 attachment [42]. If the Na1 is attached to
carbonyl oxygens in peptides [42, 44, 47–50, 52, 55, 58],
it could have opposing effects according to Westmore
[42].
The lability of the free 8-Beta is mainly because of the
fissure of the L-Gln5-L-Pro6 peptide bond (Table 1),
because of the more basic nature of the Pro amide
nitrogen [30]. In contrast with the free peptide only very
low abundance product ions from L-Gln5-L-Pro6 bond
cleavages were detected in the sodiated 8-Beta, in
particular the monosodiated 8-Beta, indicating that the
peptide bond in this dipeptide unit is highly protected
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(Tables 2 and 3 and Figure 4). This is of particular
significance because of the well-characterized MS labil-
ity of the N-terminal peptide bond in which Pro resi-
dues participate [28, 30–39]. This unusual protection of
the N-terminal peptide bond of Pro by alkali metal
cationization has not yet been reported. Protection of
the peptide backbone of 8-Beta can occur as a conse-
quence of a favorable conformational change [57]
and/or the stabilization of the peptide bonds upon
interaction with sodium [42]. A pure ionic interaction
with the peptide C-terminal carboxyl group would thus
offer limited protection, whereas interaction with the
amide bond atoms could stabilize the peptide back-
bone.
The specific interaction of sodium with 8-Beta was
deduced from careful examination of CID spectra (Ta-
bles 1–3). The first indication that sodium interacted
with the peptide bond oxygens was the observation of
b7 1 OH 1 Na 2 H, b7 1 OH 1 2Na 2 2H and b6 1
OH 1 Na 2 H in the CID spectra of sodiated 8-Beta.
Furthermore, evidence that sodium was bound to the
N-terminal side was the detection of the corresponding
sodiated a7 or a6 product ions in the CID spectra of
these bn 1 OH product ions. According to the West-
more mechanism [42], depicted in Scheme 1, the C-
terminal carboxyl (that of L-Ser8 in the linear iturin A2
analog) does not partake in an ionic interaction of the
precursor ion with sodium, that is if no migration of the
sodium took place. It is, however, possible that the
formation of b7 1 OH 1 Na 2 H and b7 1 OH 1
2Na 2 2H was the consequence of interaction with the
C-terminal carboxyl group and the adjacent carbonyl
oxygen of the peptide bond. Such a reaction mecha-
nism, describing the loss of the C-terminal residues
from alkali metal cationized peptides to form a “new
peptide,” was originally described by Renner and Sp-
iteller [43] and confirmed by Grese et al. [44, 47]
(Scheme 2). Thorne et al. [66, 67] proposed a similar
mechanism for the formation of bn 1 H 1 OH. In our
studies the participation of C-terminal Ser8 and proba-
bly its carboxylate group was indicated by a low
abundance sodium adduct of x1 type (m/z 154.1) ob-
served in some of the CID spectra. To form the b7 1
OH 1 Na 2 H, b7 1 OH 1 2Na 2 2H, and b6 1
OH 1 Na 2 H product ions, regardless of the mecha-
nism, the peptide bond oxygens of L-Gln5, L-Pro6 and
D-Asn7 therefore must have participated in the interac-
tion with sodium. Further indication of the involvement
of these three amino acids with sodium is the detection
of a sodiated b7y4 internal fragment (QPN) and sodiated
y05 C-terminal fragments (NQPNS).
The participation of the amide bond oxygen of
L-Asn2 is indicated by the observation x6-type ions in
CID spectra of disodiated 8-Beta. The formation of the
x6-type ions would require increased lability and/or
exposure of the bond between the Ca of D-Asn2 and its
carbonyl carbon. The interaction the L-Asn2 peptide
bond oxygen with sodium may increase the stability (by
increased double bond character [42]) of the amide
bond and/or expose the neighboring bond. The absence
of L-Gln5 and D-Tyr3 immonium ions indicated the
interaction or protection of their nucleophilic amide
bond atoms in the sodiated 8-Beta complex. Interaction
or protection of the acid amide sidechain of L-Gln5 was
indicated by the failure to detect the wa4 product ion in
both the CID spectra mono- and disodiated 8-Beta. This
interaction of the acid amide sidechain with sodium on
the N-terminal side could be responsible for the expo-
sure and regained lability of the L-Gln5-L-Pro6 bond,
therefore leading to the formation of the sodiated b5 ion
during the CID of disodiated 8-Beta. The diminished
detection of the bn 2 184 ions in the CID spectra of the
sodiated species could be an indication of the interac-
tion or protection of the b-amino group. Further indi-
cations of binding to the N-terminal side of 8-Beta were
the observation of sodiated b4- and b4 1 OH ions
(b-NC14NYN) and a sodiated b5 ion. The formation of
the sodiated b4 1 OH ion implied interaction of the
peptide bond oxygens of D-Tyr3 and D-Asn4 with
sodium, eliminating the interaction of the C-terminal
carboxylate with sodium in some of the monosodiated
species.
Although there was a some differences in lability
and fragmentation patterns of the monosodiated and
disodiated 8-Beta, the results still indicated two major
binding sites for sodium, one in the N-terminal se-
quence b-NC14NYN and one in the C-terminal sequence
QPNS (Figure 5). Due to the L-Gln5 sidechain, the
sodium is probably on the N-terminal side, although
this remains to substantiated. Two minor binding sites
are probably the deprotonated C-terminal carboxyl of
L-Ser8 and the side chain of D-Tyr3. Under the experi-
mental conditions used in this study, it was not possible
to show interaction between the D-Tyr3 sidechain and
Scheme 2
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sodium, a putative binding site of the fourth sodium
that was observed in a previous study [10] in aged
samples and at high sample pH.
It was also possible to deduce some conformational
data for this lipopeptide from the type of fragments
generated, this will become clear in the following dis-
cussion. If the C-terminal carboxyl group participates in
the reaction to form a bn 1 OH product ion, it is
important that the particular electrophilic carbonyl car-
bons must be in close proximity to the nucleophilic
atom. This is either the hydroxyl oxygen, as in the
Westmore mechanism [42] (Scheme 1), or carboxylate
oxygen, as in the Renner and Spiteller mechanism [43]
(Scheme 2). Proximity of the L-Pro6 carbonyl carbon to
the C-terminal carboxyl group in the sodiated structure
of 8-Beta would explain the formation of b6 1 OH 1
Na 2 H product ions. Also, proximity of the peptide
bond carbonyl carbon of D-Asn4, to the C-terminal
carboxyl group, such as in an C-terminal b turn, would
explain the observation of b4 1 OH in the spectra of
both free and monosodiated 8-Beta molecular species.
Conclusions
The fragmentation patterns observed for each of the
sodiated species of 8-Beta were in accordance with the
original findings of Adams and co-workers [48, 49],
although these results also indicated possible interac-
tion of sodium with the C-terminal carboxylate [43, 44,
47, 53–55] and the N-terminal b-amino group of b-NC14
[42, 53–55]. Stability was specifically conferred by the
unusual protection of the very labile L-Gln5-L-Pro6
peptide bond in the sodiated peptide species. The
difference in lability between the monosodiated and
disodiated species is possibly the result of better stabi-
lization of the labile L-Gln5-L-Pro6 amide bond in the
monosodiated specie. Consequently, the specie with
sodium bound to the C-terminal side is probably the
most abundant monosodiated 8-Beta, explaining the
failure to detect x6-type product ions in its CID spectra.
Differences between fragmentation patterns of
8-Beta (linear iturin A2) and its cationized species
revealed two intrinsic binding sites for nonsolvated
sodium ions situated in the N-terminal peptide moiety,
b-NC14NYN, and C-terminal peptide moiety, QPNS
(Figure 5). The rigid backbone structure of natural
iturin A includes a type II b turn in each b-NCnNYN
and QPNS [3]. This type of turn conformation in the
linear peptides could position the peptide bond atoms
in such a way that multi- or bidentate binding of ions
[49, 55] and the formation of bn2m 1 OH ions are
facilitated [29, 35, 42–49, 66, 67]. The existence b turns in
the 8-Beta structure is suggested by the observation of
the b4 1 OH product ion and also by a study on 8-Beta
structure by circular dichroism and in vacuo molecular
modeling [68].
It is therefore proposed that interaction of nonsol-
vated sodium ions with most of the peptide bond
oxygens in the two type II b-turn sequences provide
protection against low-energy fragmentation of sodi-
ated 8-Beta species during ESI-MS (Figure 5). Interac-
tion is specifically between a sodium ion and peptide
bond carbonyl oxygens of L-Asn2, D-Tyr3, and D-Asn4
in b-NC14NYN and with the L-Gln5 sidechain or with
peptide bond carbonyl oxygens of L-Gln5, L-Pro6, and
D-Asn2 in QPNS. The interaction of sodium with the
carbonyl group of the Pro residue in cyclic pentapep-
tides containing a type II b turn, was recently reported
by Ngoka and Gross [58, 69]. However, no protection of
the N-terminal peptide bond of Pro by sodium was
observed. These cyclic pentapeptides, all endothelin A
selective receptor antagonists, displayed high intrinsic
affinities for sodium that may be related to their biolog-
ical activity [70]. X-crystallographic analysis of a so-
dium salt of one of the cyclic peptapeptides, cyclo(D-
Trp-D-Asp-Pro-D-Val-Leu), revealed a sodium caged
structure with coordination with the carbonyl oxygens
of D-Asp and D-Val and the carboxyl oxygens of D-Asp
[71]. Jois et al. [72] showed with X-ray crystallographic
analysis that Ca21 interacts with the carbonyl oxygens
of cyclo(Ala-Leu-Pro-Gly)2, a peptide containing two
type II9 b turns.
The interaction of alkali metal ions with the two
b-turn sequences was also suggested in a previous
study on the association between alkali metal ions and
shorter linear and cyclic iturin A2 analogs [10]. We
found that synthetic iturin A2 and its shorter analog
preferentially interacted with only one cation [10], prob-
ably accommodating it in the interior of the peptide
ring as was also found for a number of other cyclic
Figure 5. Proposed association on atomic level between 8-Beta and sodium. All the interaction
possibilities with the lipopeptide were predicted from CID fragmentation patterns of the monosodi-
ated and disodiated species.
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peptides [12–14, 73–77]. It is consequently hypothesised
that alkali metal ions can bind in one of the two b turns
on the interior of the peptide ring of the natural iturin A
molecule, with carbonyl oxygens as chelating atoms.
This type of specific interaction of the neutral iturin A
with alkali metal cations may explain the formation of
anion selective pores [6–9] in its target cell membranes.
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